The genetic structure of three snowbed-herb species (Peucedanum multivittatum, Veronica stelleri, and Gentiana nipponica) was analyzed using allozymes across nine populations arranged as a matrix of three snowmelt gradients Â three geographic locations within 3 km in the Taisetsu Mountains, northern Japan. Phenologically asynchronous populations are packed within a local area in alpine snowbeds, because flowering season of alpine plants depends strongly on the timing of snowmelt. Moderate genetic differentiation was detected among local populations in every species (F ST ¼ 0.03-0.07). There was a significant correlation between the geographic distance and genetic distance in the P. multivittatum populations, but not in the V. stelleri and G. nipponica populations. On the other hand, a significant correlation between the phenological distance caused by snowmelt timing and genetic distance was detected in the V. stelleri and G. nipponica populations, but not in the P. multivittatum populations. The snowmelt gradient or geographic separation influenced hierarchical genetic structure of these species moderately (F RT o0.04).
Introduction
Spatial and temporal patterns of gene flow with respect to landscape features have crucial effects on the spatial patterns of genetic variation within a region (Sork et al, 1999; Kudoh, 2001) . Landscape influences gene flow not only through spatial location but also because of variation in other traits that limit gene flow, such as flowering phenology in plants. A more precise integration of the landscape context can provide insights into the dynamics of interpopulation gene exchange. Landscape genetics is a new approach to the relationship between landscape features and spatial pattern of genetic variation, which has a potential to detect microevolutionary units in the field (Manel et al, 2003) .
Theoretical studies predicted that genetic differentiation among populations should increase as a function of distance when gene flow declines with distance, that is, there is isolation-by-distance (Wright, 1943; Slatkin and Maddison, 1990; Slatkin, 1993) . On the other hand, genetic differentiation in plant populations has been documented on a small scale, even when substantial gene flow is possible, if strong selective forces exist in a heterogeneous environment (reviewed in Linhart and Grant, 1996) .
In alpine environments, with heavy snowfall, the occurrence of plants within snow-patches (snowbed plants) can have a strong impact on gene flow via pollen flow among patches. The flowering schedule of snowbed plants is fundamentally determined by the timing of snowmelt (Holway and Ward, 1965; Kudo, 1991) . As the timing of snowmelt varies among snow-patches, scattered populations of single species can have asynchronous flowering phenologies along a snowmelt gradient. In other words, the flowering phenology of each population might differ even among closely neighboring populations, and an effective barrier to gene flow via pollen flow could occur within a local area. In addition, differential selective forces caused by a snowmelt gradient may influence the genetic variation of snowbed plants, because the temperature regime, soil conditions, and length of the growing season for plants will greatly vary depending on the snowmelt conditions (eg Körner, 1999) . Thus, alpine snowbeds can be an interesting experimental system for a landscape genetics approach in which spatial pattern of genetic variation can be compared along two orthogonal gradients, geographic, and phenological distance. Stanton et al (1997) analyzed the genetic variation of a snowbed herb, Ranunculus adoneus, whose flowering season was determined by the timing of snowmelt, and detected some genetic structure within a snow-patch, but the genetic differentiation along the snowmelt gradient was unclear. To clarify the genetic structure of snowbedplant populations, comparisons of several species on a wider scale may be necessary. The scale of genetic structure should depend on the migration ability (Antonovics et al, 2001 ) and breeding system of individual species (Hamrick and Godt, 1989) as well as the extent of environmental gradients. For example, highly self-fertilizing species often have low genetic diversity within a population, but high genetic differentiation among populations in comparison with outcrossing species (reviewed in Hamrick and Godt, 1989) . Thus, the pattern of genetic structure may differ among species even within a local ecosystem. This suggests that the effects of landscape features on microevolutionary process are likely to vary among species.
Asynchronous reproductive phenology among snowbed-plant populations, in addition to their spatial distribution, may create genetically independent units within a local region, or a network of directional gene flow across local populations. In this study, we describe an allozyme-based study of genetic structure of three herbaceous species having different breeding systems; andromonoecy (production of male and hermaphroditic flowers), simultaneous hermaphroditism, and dichogamy (protoandrous flowers). To examine the relationship between landscape features and spatial pattern of genetic variation, we ask the following questions: (1) To what extent do genetic differentiation and gene flow exist among local populations of snowbed plants? (2) Do geographic distance and phenological gradient influence the genetic structure among local populations?
Materials and methods

Study sites
This study was conducted in the central part of the Taisetsu Mountains in Hokkaido, northern Japan. Due to heavy snowfall and prevailing northwest winds during the winter, deep snowdrifts are established on southeastern-facing slopes that cause clear gradients of snowmelt timing within a local area. The timing of snowmelt ranges from mid-May around ridges to late August in the center of snow patches. Snow comes again in late September and the ground is usually covered with snow by early October.
In 2000, three sites (Hisago (H), Kaundaira (K), and Goshikigahara (G)) located within 1 km from each other were selected (Figure 1) . At each site, three plots were set up along a snowmelt gradient. At early snowmelt plots (plot-1), snow disappeared during early to mid-June, at middle snowmelt plots (plot-2) during late June to early July, and at late snowmelt plots (plot-3) around late July. Therefore, these plots were arranged as a 3 Â 3 matrix of snowmelt conditions and locations (Figure 2a) . Geographic locations of individual plots were determined by a hand-held GPS (eTrex, Garmin, USA), then Euclidean distances for pairs of plots were calculated.
Plant species
Three perennial herb species having wide distribution ranges along snowmelt gradients were selected as target species in this study. Peucedanum multivittatum Maxim. (Umbelliferae) is an andromonoecious herb, in which a terminal umbel has both male and hermaphroditic flowers, and lateral umbels usually have only male flowers. Hermaphroditic flowers of this species show a dichogamous flowering pattern from the male to female phase (protandry). Plant height is 10-30 cm and clonal growth is rare. Major pollinators are syrphids and other flies, and sometimes rove beetles and bumblebees. Veronica stelleri Pall. ex Link var. longistyla Kitagawa (Scrophuoariaceae) is a hermaphroditic herb, which frequently forms a clonal clamp (mostly o30 cm in length). Plant height is 10-20 cm. Each raceme has two to 20 perfect flowers, and flowering occurs gradually from bottom to top with overlapping of two to four flowers. Major pollinators are syrphids and other flies, and sometimes bumblebees. Gentiana nipponica Maxim. (Gentianacea) is small stoloniferous herb forming a small clonal clamp as long as its height (o15 cm). An inflorescence usually produces one to three dichogamous flowers, which are protandrous. Major pollinators are bumblebees, but syrphids and other flies also visit this species. Seeds of these species do not have any specific Figure 1 Location of the three study sites: Hisago (H), Kaundaira (K), and Goshikigahara (G). Each site has three plots arranged along the snowmelt gradient: early (1), middle (2), and late snowmelt (3) plots. Plot size is about 20 Â 20 m 2 .
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Phenology A local population (single patch) of individual species was identified by phenological and spatial isolation from other patches. The snowmelt day at each plot was determined from the ground temperature measured using automatic loggers (StowAway Tidbit, Onset Co, USA) set at the center of each plot. In all, 40 plants of each species were randomly marked at each plot and the number of opening flowers was counted every 3 to 10 days from June to September in 2000-2002. For individual populations, the day of flowering onset was represented by the median date between the first recognition of flowering and the latest inspection among plants selected in each species. The mean values of flowering onset data over 3 years were used for the analyses.
Electrophoresis
Leaf material from about 40 individuals was sampled at each plot in 2000 during the anthesis of each species. The interval of sampling was about 1 m to avoid duplicating same genets. The collected leaves were taken back in a cooler box and stored at À281C in the laboratory prior to the electrophoresis experiment. Approximately 100 mg of leaf tissue was homogenized in 2.0 ml of extract buffer (0.1 M Tris-HCl (pH 7.5), 20% (v/v) glycerol, 0.75% Tween 80, 10 mM dithiothreitol, 0.1% (v/v) b-mercaptoethanol, and 75 mg/ml polyvinylpolyprrolidone). The extracts were loaded on polyacrylamide vertical slab gels after refining by centrifugation at 1500 rpm for 20 min. Electrophoresis was conducted at 41C, 12 mA/cm 2 for 150 min. The gels were stained for the following enzyme systems, that is, aspartate aminotransferase (AAT; 2.6.1.1), esterase (EST; 3.1.1), glutamic acid dehydrogenase (GDH; 1.4.1.2), glucose-6-phosphate dehydrogenase (G6PD; 1.1.1.49), isocitric acid (IDH; 1.1.1.42), malic acid dehydrogenase (MDH; 1.1.1.37), 6-phosphogluconate dehydrogenase (6PGD; 1.1.1.44), phosphoglucose isomerase (PGI; 5.3.1.9), phosphoglucomutase (PGM; 2.7.5.1), shikimic acid dehydrogenase (SKD; 1.1.1.25), and tetrazolium oxidase (TZO; 1.15.1.1), following the protocol by Tsumura (2001) . Loci were numbered starting with the most anodal. In the same way, alleles were identified by letters alphabetically.
Statistical analysis of genetic measurements
Standard measures of genetic variation, including percent of polymorphic loci (P), mean number of alleles per locus (A), and expected heterozygosity, or gene diversity (He) were calculated using the POPGENE ver.1. 32 program (by Yeh et al, http://www.ualberta.ca/~fyeh/ index.html) for all screened loci. A locus was considered polymorphic if the most common allele had a frequency less than 0.99. To test whether the allele frequencies depend on phenological gradient, Spearman's rank correlations between allele frequencies for polymorphic loci and the day of flowering onset were calculated in nine populations using the R package (version 1.62). As the presence of one allele excludes another, only the nÀ1 independent alleles (n ¼ number of alleles) were analyzed (the most frequent).
We used Weir and Cokerham (1984) estimators of Wright's F-statistics to estimate the genetic structure within and among populations. Using FSTAT (ver.2.9) (http://www.unil.ch.izea/softwares/fstat.html; see Goudet, 1995) . The significance was tested using a randomization procedure with 5000 replicates.
Genetic distance between populations was calculated as pairwise F ST (Reynolds et al, 1983) . Phenological distances were determined as the differences in flowering onset (day) between populations. Genetic distance, geographic distance, and phenological distance were expressed as similarity matrixes. The relationships of these measures to each other were assessed using partial Mantel tests (Smouse et al, 1986) to tease apart their effects. Each test was performed for 5000 randomizations with the FSTAT program.
The index of differentiation among groups of populations was computed as F RT (Hartl and Clark, 1997) . The groups of populations were classified by geographic site or phenology (Figure 2b and c) . Coefficients of differentiation among the geographic ( ¼ site) groups, F RT(geo) , or the phenological groups, F RT(phe) , were computed from the variance components at different levels of hierarchical subdivision, following Weir and Cokerham (1984) . The proportion of genetic variation at each hierarchical level was also calculated from the variance components (Excoffier et al, 1992) . To test the extent of hierarchical structure, we randomized the groups according to the scheme illustrated in Figure 2d for all 280 combinations and coefficients of differentiation among randomized groups as F RT(rand) were computed. 
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The observed F RT(geo) or F RT(phe) was compared with the null distribution to assess the significance of the observed value.
Results
Flowering phenology
The patterns of snowmelt timing at each plot and flowering phenology of target species were almost constant during 2000 to 2002. As a representative of 3 years, the phenological pattern in 2001 is shown in Figure 3 . Although flowering of most individuals in every species lasted shorter than 2 weeks, flowering season varied from mid-June to late of September over the plots and species. The same snowmelt groups (ie early, middle, or late) had similar snowmelt timing, and the flowering season of the same species was overlapped substantially within the same snowmelt groups across the sites. However, isolation of flowering phenology was usually incomplete among different snowmelt categories within each site. Owing to early snowfall in 2001 (September 24), G. nipponica was covered with snow before the end of flowering at late snowmelt plots.
Genetic variation
Seven polymorphic loci of nine loci from seven enzymes resolved in P. multivittatum, five polymorphic loci of the 10 loci from seven enzymes resolved in V. stelleri, and seven polymorphic loci of 11 loci from six enzymes resolved in G. nipponica were scored (see Appendix A).
The proportion of polymorphic loci (P) varied among populations of P. multivittatum and G. nipponica but not in V. stelleri (Table 1 ). The average number of alleles per locus (A) was less than two in most populations (Table 1) . Gene diversity or expected heterozygosity (He) within populations ranged from 0.065 to 0.154 in P. multivittatum, from 0.044 to 0.138 in V. stelleri, and from 0.065 to 0.178 in G. nipponica (Table 1) .
Comparisons of allele frequencies among populations revealed that Est-4a and Pgi-2c of V. stelleri alleles and Aat-1b, Est-2b, and Pgm-1b of G. nipponica alleles were significantly correlated with phenology as the day of flowering onset (r ¼ À0.79, Po0.05; r ¼ 0.86, Po0.01; r ¼ À0.87, Po0.01; r ¼ À0.85, Po0.01; r ¼ À0.70, Po0.05, respectively). However, none of the alleles were significantly correlated with the day of flowering onset in P. multivittatum (P40.05).
The mean F IS over all loci for P. multivittatum (À0.028) was not significantly different from zero, indicating complete outcrossing in the adult stage. While the F IS values of V. stelleri and G. nipponica (0.234 and 0.076, respectively) were significantly positive (Po0.001).
Genetic structure An index of genetic differentiation among populations, F ST , was not large (o0.1) but significantly greater than zero in every species (Po0.001), indicating the existence of some genetic structure (Table 2) . To evaluate the effects of geographic distance and phenological distance on genetic structure, we performed partial Mantel tests (Table 3 ). The partial correlation between genetic distance and geographic distance was significantly positive in P. multivittatum but not in V. stelleri or G. nipponica (Figure 4 , Table 3 ). In contrast, positive relationships were detected between genetic distance and phenological distance in V. stelleri and G. nipponica but not in P. multivittatum (Figure 4, Table 3 ). Geographic distance and phenological distance were not correlated in every species (Table 3) .
Hierarchical analysis of genetic variation showed that the proportion of the 'among-groups' variance component was low (o4%), relative to the 'within-populations' component (490%) in every species (Table 2) . To test of the significance for hierarchical genetic structure, the observed coefficient of genetic differentiation among groups, F RT(geo) (geographic groups) and F RT(phe) (phenological groups) were compared with the frequency distribution of the coefficient obtained in randomized groups F RT(rand) (Figure 5 ). Although the variance component among groups was small, significant genetic differentiation was detected among some phonological groups. In V. stelleri and G. nipponica, F RT(phe) were significant (Po0.05), while F RT(geo) was not. In P. multivittatum neither value was significant, although F RT(geo) was marginal (P ¼ 0.079). These results indicate that '(GEN Â GEO).PHE' tests the partial correlation between genetic distance and geographical distance in which the effect of phonological distance was controlled, '(GEN Â PHE).GEO' tests the partial correlation between genetic distance and phonological distance in which the effect of geographic distance was controlled, and 'GEO Â PHE' is a simple Mantel test between the explaining variables. r is correleation coefficient and b is regression coefficient.
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Discussion
Significant genetic differentiation was observed for all the three species among populations within a restricted area. When effective gene flow is restricted due to regional-scale isolation, the degree of genetic differentiation among populations is generally high, and F ST or G ST values are often greater than 0.1 (eg Murawski and Hamrick, 1990; Godt and Hamrick, 1993; Tani et al, 1996) . In this study, however, the level of genetic differentiation (F ST ) was less than 0.1 (Table 2) , suggesting effective gene flow among local populations. The level of genetic differentiation (F ST ¼ 0.03-0.07) corresponded with values found in comparable studies. For example, in the alpine herb Primula caneifolia var. hakusanensis, genetic diversity showed that 4% of genetic variation existed within mountain regions among populations and 54% among mountain region, 42% within population (Shindo et al, 1995) .
Only a few reports have detected isolation-by-distance at a low F ST level (o0.1; Hall et al, 1994; Giles and Goudet, 1997; Alexandersson and Å gren, 2000) . Among the three target species studied here, geographic isolation-by-distance was detected only in P. multivittatum (Figure 4, Table 3 ). On the other hand, an effect of phenological distance on genetic variation was detected in V. stelleri and G. nipponica (Figure 4, Table 3 ), suggesting the importance of pollen flow on the formation of genetic structures.
Pollen dispersal is a primary mechanism of gene flow over long distances in most entomophilous plants Figure 4 Relationships between genetic distance (pairwise F ST ) and geographic or phenological distance, for all pairs of nine populations of three snowbed-herb species. For statistical results by partial Mantel test, see Table 3 . Figure 5 Distribution of coefficient of differentiation among randomized three groups, F RT(rand) , for nine populations. The observed values of coefficient among geographic (site) groups, F RT(geo) , and coefficient among phenological groups, F RT(phe) , were shown. Closed bars indicate a significant level (o5%). For F-statistics, see Table 2 .
Genetic structure in snowbed herbs AS Hirao and G Kudo (Levin, 1987) . Owing to the fact that the foraging flights by bumblebees are often more than 5 km (Heinrich, 1979) , lack of geographic differentiation and strong phenological effects on genetic distance observed in bumblebee-pollinated G. nipponica may be caused by frequent long-distance pollen flow. In contrast, significant geographic effect in P. multivittatum may reflect local pollen flow by dipteran insects. As seeds are large (7-8 mm) and likely to be dispersed by gravity in this species, frequent gene flow via seed dispersal is considered unlikely.
Clinal changes in allele frequency may occur due to unidirectional gene flow from early to late flowering populations (or reverse) if a partial overlap of flowering occurs, as predicted by the stepping-stone model (Kimura and Weiss, 1964) . In addition to phenological segregation, differential natural selection along a snowmelt gradient might be important for the development of spatial patterns of genetic variation. Some allozyme studies at microgeographic scales suggest that changes in gene frequencies reflecting environmental gradients are indeed caused by natural selection (eg Allard et al, 1993; Linhart and Grant, 1996; Prentice et al, 2000) . In our study, only species having excess homozygotes within populations showed a significant genetic structure along the phenological gradient. These species, that is, V. stelleri and G. nipponica, have clonal growth by stolons, so the selection might be on linked loci, rather than the allozymes themselves (eg Hedrick, 1986 ). In conclusion, assemblage of local populations of snowbed plants forms a hierarchical genetic structure depending on the geographic location and/or the snowmelt gradient as landscape features. The snowmelt gradient creates local pattern of gene flow due to phenological separation and possibly selection. In addition, breeding system of individual species may be important to understand the relationship between landscape features and spatial pattern of genetic variation, although further studies are needed (see Ingvarsson and Giles, 1999) . Recently, the effects of global climate change on alpine ecosystems have raised concerns not only from the viewpoint of vegetational change over the geographic range (eg Grabherr et al, 1994) but also the reproductive characteristics of individual species (Inouye and McGuire, 1991; Inouye et al, 2002) . If global temperature changes alter snowmelt patterns in alpine regions, the flowering phenology of alpine plants will be highly influenced, resulting in changes in patterns of gene flow and/or the intensity of selective forces and thus the spatial pattern of genetic variation.
Allele frequencies of loci are seen in Tables A1-A3. Genetic structure in snowbed herbs AS Hirao and G Kudo 
